The matrix element of the weak transition Λ b → Λc can be expressed in terms of six form factors.
I. INTRODUCTION
In the past decades more and more experimental data come out with the establishment and running of several high energy accelerators [1] [2]. The focus on heavy quarks has spread from mesons to baryons, partly because of the discovery of the flavor and spin symmetries in QCD, SU (2) f × SU (2) s , in the heavy quark limit and the establishment of the heavy quark effective theory (HQET) [3] - [19] . On the experimental side, there have been many new experimental results about b-baryons[2] [8] - [12] . The lifetime of Λ b was given by several experiments [1] . The widths of the nonleptonic decay Λ b → ΛJ/Ψ [13] as well as the semileptonic decay Λ b → Λ c l −ν were measured [14] [15] . Besides, the branching ratios of two-body decays such as Λ b → Λ c π [16] , Σ
The matrix element of Λ b → Λ c can be expressed by six transition form factors because of Lorentz covariance,
where v and v are the velocities of Λ c and Λ b respectively, ω = v · v, s and s are the spins of Λ c and Λ b respectively, u Λc (v , s ) and u Λ b (v, s) are the Dirac spinors of Λ c and Λ b , respectively, F i and G i (i = 1, 2, 3) are the Lorentz scalar form factors. There is only one form factor (the Isgur-Wise function) remained when we take off all the corrections in the 1/m Q expansion. When we take first order corrections into account [19] ,
whereΛ is a parameter which is defined as the mass difference m Λ Q − m Q in the limit m Q → ∞. There is one independent form factor such as F 1 in this case. As a formally exact equation to describe the hadronic bound state, the BS equation is an effective method to deal with nonperturbative QCD effects. With HQET, the BS equation has already been applied to the heavy hadron systems. In the limit m Q → ∞, we found that the BS equations for the heavy baryons Λ Q are greatly simplified. When the quark mass is very heavy compared with the QCD scale, Λ QCD , the light degrees of freedom in a heavy baryon Λ Q become blind to the flavor and spin quantum numbers of the heavy quark because of the SU (2) f × SU (2) s symmetries. Therefore, the angular momentum and the flavor quantum numbers of the light degrees of freedom become good quantum numbers that can be used to classify heavy baryons, and Λ Q corresponds to the state in which the angular momentum of the light degrees of freedom is zero. So it is natural to regard the heavy baryon as composed of one heavy quark and a light diquark. When 1/m Q corrections are taken into account, since the isospin of Λ Q is zero, the isospin of the light degrees of freedom is also zero, therefore, the spin of the light degrees of freedom should also be zero in order to guarantee that the total wave function of Λ Q is antisymmetric. Hence the spin and isospin of the light degrees of freedom are still fixed even when 1/m Q corrections are taken into account. Therefore, we still treat Λ Q as composed of a heavy quark and a scalar light diquark. In this picture, we established the BS equations of Λ Q to second order in the 1/m Q expansion assuming the kernel contains two parts, a scalar confinement term and a one-gluon-exchange term. In the present work, we will apply the BS equation to calculate the semileptonic and nonleptonic decay widths to second order in the 1/m Q expansion.
The remainder of this paper is organized as follows. In Sec. II we will review the BS equation for Λ Q to second order in the 1/m Q expansion briefly. In Sec. III we will express the six form factors for Λ b → Λ c transition in terms of the BS wave functions of Λ Q to second order in the 1/m Q expansion and give the numerical results. In Sec. IV we will deduce the numerical results for the semileptonic decay width of Λ b → Λ c lν and nonleptonic decay widths of Λ b → Λ c P (V ) (where P denotes pseudoscalar mesons and V denotes vector mesons ) by applying the numerical results of form factors we get in Sec. III. We will also compare our results with the experimental data. Finally, Sec. V is reserved for summary and discussion.
II. BS EQUATION FOR ΛQ TO SECOND ORDER IN THE 1/mQ EXPANSION
As we discussed in Introduction, Λ Q is regarded as a bound state of a heavy quark and a light scalar diquark. Hence we can define the BS wave function of Λ Q as the following [20] :
where ψ(x 1 ) and ϕ(x 2 ) are the field operators of the heavy quark at position x 1 and the light scalar diquark at position x 2 , respectively, P = m Λ Q v is the momentum of Λ Q , and v is its velocity. Let m Q and m D represent the masses of the heavy quark and the light diquark in the baryon,
, and p represent the relative momentum of the two constituents. Then, the BS wave function in momentum space is defined as
where X = λ 1 x 1 + λ 2 x 2 is the coordinate of the center of mass and
It is straightforward to prove that the BS equation for Λ Q has the following form in momentum space [21] :
where p 1 = λ 1 P + p, p 2 = −λ 2 P + p are the momenta of the heavy quark and the light scalar diquark, respectively, K(P, p, q) is the kernel which is defined as the sum of two particle irreducible diagrams, S F (p 1 ) and S D (p 2 ) are propagators of the heavy quark with momentum p 1 and the light diquark with momentum p 2 ,
In order to solve the BS equation for Λ Q to second order in the 1/m Q expansion, we rewrite Eq. (5) as the following:
where we have expanded the BS wave function, the propagator of the heavy quark, and the kernel to 1/m 2 Q . It is easy to show that S D remains unchanged in the 1/m Q expansion. Then, by comparing the two sides of Eq. (8) at each order in 1/m Q , we have the following equations: to leading order in the 1/m Q expansion:
to first order in the 1/m Q expansion:
to second order in the 1/m Q expansion:
In our previous work [22] , we found that:
where we use the variables
(p) are scalar functions. As before, we assume the kernel has the following form:
where the first parts on the right hand represent the scalar confinement terms while the second parts represent the one-gluon-exchange terms.
Defining the variable W 
where we have definedφ(p t ) ≡ dp l 2π φ(p) and applied the covariant instantaneous approximation in the kernel,
The numerical results of these scalar functions were given in our previous work [22] , and in that paper we discussed why Eqs. (16) and (17) hold.
In this section we will express the six form factors for the Λ b → Λ c weak transition in terms of the BS wave functions to second order in the 1/m Q expansion and give their numerical results. On the grounds of Lorentz invariance, the matrix element for Λ b → Λ c can be expressed as in Eq. (1) .
On the other hand, the matrix element for Λ b → Λ c can be related to the BS wave functions of Λ b and Λ c as the following:
where P (P ) is the momentum of Λ b (Λ c ) and p (p ) is the relative momentum defined in the BS wave function of Λ b (v, s) (Λ c (v , s )). As we did before, we can express the BS wave functions of Λ b and Λ c in the terms of the scalar functions φ 0P (p) and φ
Substituting the above twe equations into Eq. (20) and comparing with Eq. (1) we can obtain the form factors in terms of the BS wave functions. To simplify our results, we define
where F (αP ,βP ) and f i(αP ,βP ) (i = 1, . . . 7) are functions of ω, and α, β = 0, 1, 2. With the aid of
, it is easy to see that
Then, we can express the six form factors, F i , G i (i = 1, 2, 3), as follows:
where the superscripts "±" of P or P correspond to φ
1,2P . We assume that in the weak transition of Λ b → Λ c the diquark behaves as a spectator, so the four momenta of the diquarks in the initial and final baryons are the same, that is,
Substituting
Defining v t = v − (v · v )v = v − ωv and θ be the angular between p t and v t , we have
Then all p l and p t in F and f i (i = 1 − 7) can be replaced by p l and p t . Take F (0P ,0P ) as an example:
where we have done a contour integration with p l = −W P + iε as the pole and definedφ(q t ) ≡ dq l 2π φ(q), and
In the same way we can also get,
where we have defined
The three dimensional integrations in Eqs. (48), (50)- (61) can be reduced to one dimensional integrations by using the following identities:
where
can be chosen as 3.2GeV 2 from the data for the electromagnetic form factor of the proton [23] . From the BS equation solutions in the meson case, it has been found that the values m b = 5.02GeV and m c = 1.58GeV give theoretical results which are in good agreement with experiment [24] . With Eq. (14), It is easy to see that
if we use m Λ b = 5.64GeV . In order to guarantee that the binding energies E 0 , E 1 and E 2 are negative, we assume the minimum value of m D is 650M eV and the maximum value of m D is chosen as 800M eV . One notes that E 1 ∼ Λ QCD E 0 , E 2 ∼ Λ QCD E 1 , and hence we further assume that When the mass of the lepton can be neglected, the semileptonic decay form factors of baryons 1/2 + → 1/2 + can be expressed as following:
where J V µ and J A µ represent vector current and axial-vector current, respectively, u(P 1,2 ) is the Dirac spinor of Λ 1,2 , q µ = (P 1 − P 2 ) µ is the four momentum transfer, and form factors F 
We have to add QCD corrections into the differential decay width because they are comparable with 1 m Q correction. Therefore, the form factors are changed to the following [25] :
where v i and a i (i = 1, 2, 3) are QCD corrections [26] .
Now with Eqs. (68)-(77), F
V,A 1,2 with QCD corrections can be expressed as
v i and a i (i = 1, 2, 3) can be expressed respectively as [26] :
with the following definitions:
In Ref. [25] , Körner and Krämer regarded the semileptonic decay Λ 1 → Λ 2 + l + ν l as a quasi two-body decay Λ 1 → Λ 2 + W of f −shell followed by the leptonic decay W of f −shell → l + ν l . In the zero-lepton-mass approximation only the J P = 1 + , 1 − components of W of f −shell participate in the decay (1 + corresponds to axial-vector current while 1 − to vector current). They defined helicity amplitudes H V,A λ2 λ W where λ 2 and λ W are the helicities of the daughter baryon and the W of f −shell boson, respectively. They are related to the invariant form factors through [25] :
with M 1 and M 2 being the masses of Λ 1 and Λ 2 , respectively. The remaining helicity amplitudes can be obtained with the help of the parity relations:
The differential decay width of the semileptonic decay Λ b → Λ c lν is
where p is the norm of the three dimensional momentum of daughter Λ c . p and A can be expressed as:
where V cb is the Cabibbo-Kobayashi-Maskawa matrix element and B(Λ c → ab) is two-body decay branching ratio of Λ c → ab.
With the help of dq 2 = 2m Λ b m Λc dω, one can get the differential decay width in terms of ω:
With Eqs. (107)- (110), one can immediately get
By using the numerical results of form factors we get in Section III, and substituting Eqs. (82)- (106) We have the total decay width for Λ b → Λ c lν after integrating over ω. The numerical results are shown in Table I From Figure 4 , it is clear to see that 1/m Q corrections, 1/m 2 Q corrections and QCD corrections all reduce the differential decay width. From Table I 
B. Nonleptonic decays
The Hamiltonian describing nonleptonic decays Λ b → Λ c P (V ) (P and V stand for pesudoscalar and vector mesons, respectively) reads [27] 
with O 1 = (DU )(cb) and O 2 = (cU )(Db), where U and D are the field operators for light quarks involved in the decay, and (q 1 q 2 ) =q 1 γ µ (1 − γ 5 )q 2 is understood. The parameters a 1 and a 2 in Eq. (118) are defined as a 1 = c 1 + c 2 /N c , a 2 = c 2 + c 1 /N c , where c 1 and c 2 are Wilson coefficients, and N c is the effective color number factor caused by Fiertz transformation. N c does not equal to 3 in general because of the part that can not be factorized. Therefore, a 1 and a 2 are treated as free parameters to be determined by experiments. Since Λ b decays are energetic, the factorization assumption is applied so that one of the currents in the Hamiltonian (118) is factorized out and generates a meson P (V ) [28] [29] . Thus the decay amplitude of the two body nonleptonic decay becomes the product of two matrix elements, one is related to the decay constant of the factorized meson (P or V ) and the other is the weak transition matrix element between Λ b and Λ c ,
where < 0|A µ |P > and < 0|V µ |V > are related to the decay constants of the pseudoscalar meson or the vector meson respectively by
where q µ is the momentum of the meson emitted from the W -boson and µ is the polarization vector of the emitted vector meson. It is noted that in the two-body nonleptonic weak decays Λ b → Λ c P (V ) there is no contribution from the a 2 term since such a term corresponds to the transition of Λ b to a light baryon instead of Λ c . The general form for the amplitude of Λ b → Λ c P (V ) are
On the other hand, the matrix element for Λ b → Λ c can be expressed by using Lorentz invariance
where f i , g i (i = 1, 2, 3) are Lorentz scalars. The relations between f i , g i and form factors F i , G i in Eq. (1) are
The decay width for Λ b → Λ c P is [30] [31]
where A and B are related to the form factors by
The decay width for
with
Then from Eqs. (126)- (143), we obtain the numerical results for Λ b → Λ c P (V ) decay widths by using the results for F i and G i (i = 1, 2, 3) at q 2 = m 2 P,V from BS equations. In Tables II and III [35] , so that a 1 ∼ O(1). Our theoretical result matches the experimental data if we take a 1. There are not experimental data for other processes. Our predictions for these processes will be tested in the future.
V. Summary and discussion
In the present work, we assume that a heavy baryon Λ Q is composed of a heavy quark and a scalar light diquark. Besed on this picture we analyze the 1/m 2 Q corrections to the BS equation for Λ Q and apply the results to calculate the six weak decay form factors F i , G i (i = 1, 2, 3). We find that they mostly depend on κ and depend only a little on the diquark mass, m D . Then we apply the numerical results of these six form factors to calculate the differential and total decay widths for the semileptonic decay 
